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Abstract 
Biodiesel is one of biodegradable and renewable fuel which is originated from vegetable oil 
or animal fats. Different fuel properties of biodiesel produce different combustion 
characteristics which slightly differ to mineral diesel. Combustion studies on palm-biodiesel 
and mineral diesel were conducted using a multi-cylinder diesel engine. Cycle-to-cycle 
variations of peak cylinder pressure and mean indicated pressure of the test fuels were 
determined for the combustion characteristics of diesel engine. In-cylinder pressure data for 
the 200 consecutive cycles were determined using a Kistler pressure transducer and recorded 
into a combustion analyzer. Three different engine loads: 20%, 40% and 60% were selected 
in this study with a constant engine speed of 2500 rpm. The results show that at lower load, 
in-cylinder pressure variations for palm biodiesel were lower compared to mineral diesel. 
However at medium and high loads, palm biodiesel has dominated the peak cylinder 
variations.  
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Introduction 
Biodiesel can be considered as an alternative fuel for diesel engines. Biodiesel 
chemically is described as fatty acid methyl or ethyl esters from vegetable oils or animal fats 
[1, 2]. Biodiesel is renewable, biodegradable and oxygenated fuel [3]. Although many 
researches pointed out that it might help to reduce greenhouse gas emissions, promote 
sustainable rural development, and improve income distribution, there still exist some 
drawbacks in using biodiesel. There are initiatives to replace gasoline and diesel fuel due to 
the impact of fossil fuel crisis, hike in oil prices and stringent emission norms [4]. There is no 
engine modification of any diesel engine part needed when operating with biodiesel [5, 6]. 
From the studies, researchers have concluded that biodiesel can reduce the percentage of CO, 
CO2, HC, PM and SOx but slightly higher in brake specific fuel consumption (bsfc) and NOx 
emissions with the same amount of air and fuel is injected through the cylinder [7-11]. While 
in some research, there is a similar performance between ultra-low sulfur diesel (ULSD) and 
RME when compared in similar relative equivalence ratio [12]. 
 
Biodiesel consists certain properties such as density, viscosity, cetane number, low 
heating value, cloud and pour point with different characteristics of distillation [13, 14]. 
Physical and chemical properties of biodiesel are slightly different from those of original 
diesel [15-18]. Differences can be seen on the fuel atomization, evaporation and emission 
formation processes [11]. Biodiesel also known has higher density and viscosity compared to 
mineral diesel. In few cases, biodiesel has been diluted with mineral diesel with different 
proportions to reduce the density and viscosity when operating with diesel engines [8, 19, 
20]. However, many researchers have found out that the ignition delay became shorter when 
the mixing ratio of biodiesel increases because the cetane number of biodiesel is greater than 
that of conventional diesel. Liaquat et al were studied of the neat jathropa biodiesel (JME) 
and blends with standard diesel. The result shows the decreasing of calorific value of fuel in 
term of engine power reduction and increasing in fuel consumption. However, the formation 
level of NOx become higher due to affect in ignition delay and increasing amount of fuel in 
rapid combustion and the combustion temperature level, [21]. 
 
The measurement and the analysis of cyclic variation in spark ignition engines have 
been made by many researchers around world [22-26]. Most of the studies are interest on 
reducing the instability of SI engines especially engine knock. Recently, the cyclic variations 
analysis have been done in diesel engines due to different fuel used on standard diesel engine 
such as alcohol and liquefied natural gas (LNG) [27-29]. There were several studies related to 
cycle-to-cycle variation of pressure on both spark ignition and diesel engine operating on 
standard fuel of diesel, biodiesel, biofuel such as methanol and ethanol and gasoline [30-32]. 
The variation of cycle-to-cycle were developed from the combustion when engine operating 
conditions achieve the fundamental limits such as lean flammability [33, 34]. Cyclic 
variations in the combustion process are caused by variations in mixture motion within the 
cylinder, variations in the amount of air and fuel fed to the cylinder each cycle, and variations 
in the mixing of fresh mixture and residual gases within the cylinder each cycle [35] Higher 
combustion variations due to higher cyclic variations may reduce the total power, engine 
durability.  
 
In this paper, palm-biodiesel detonated as B100 and mineral diesel as a baseline fuel 
were tested in same diesel engine under same operating condition with constant speed of 
2500 rpm at low, medium and high load of engine. In cycle-to-cycle variation analysis, the 
combustion cycles for the test were set and recorded at 200 consecutive cycles. Result of this 
study were discussed on the in-cylinder pressure variations along 200 consecutive cycle 
based on the statistical analysis (minimum, median, standard deviation, maximum)  and the 
study of the cycle-to-cycle variations in mean indicated pressure (MIP) for the test fuels.  
 
Methodology 
A four-stroke, four-cylinder Mitsubishi 4D68 diesel engine was used for the 
experimental work. The engine is an indirect injection (IDI), water-cooled and attached with 
a diaphragm exhaust gas recirculation (EGR) piping system. Details for the engine are 
designated in Table 1 . The engine used in the study was coupled with a connecting shaft to a 
150 kW eddy-current type water-cooled Dynalec dynamometer model ECB-200F SR 617 for 
the engine loading. First cylinder of four engine cylinders was mounted with a Kistler 6041A 
water-ccoled ThermoComp in-cylinder pressure transducer by replacing the current glow 
plug. This device was connected to the charge module, DAQP-Charge B with a Kistler cable 
model 1921A to convert the analogue signal into the digital signal.  
 
 
 
Table 1. Specification of test engine. 
Engine Specification Details 
Number of cylinders 4 in-line 
Combustion chamber Swirl chamber 
Total displacement cm 1.998 cc (121.925 cu. in) 
Cylinder bore mm x Piston stroke mm 82.7 x 93 
Bore/stroke ratio 0.89 
Compression ratio 22.4:1 
Maximum Power (64.9 kW) @ 4500 rpm 
Maximum Torque  177.0 Nm @ 2500 rpm 
  
 
 
 
Figure 1. Schematic diagram of a Mitsubishi 4D68 diesel engine system. 
A Kistler CAM crank angle encoder model 2613B1 was mounted in alignment to the 
crank shaft pulley at the engine side and connected to the Kistler signal conditioner model 
2613 B2. This setting was used to determine the crankshaft position within the combustion 
period and the piston continuous movements from the top dead center (TDC) to the bottom 
dead center (BDC). Both Kistler pressure transducer and crank angle encoder were producing 
the signals that been recorded and translated using a Dewetron data acquisition (DAQ) 
system with a Orion 1624 DAQ card installed in a Windows XP based PC, DEW-5000 
combustion analyzer. The combustion data for the test fuels were recorded for 200 
consecutive cycles so that the averaged results can be computed. There were 19 K-type 
thermocouples were mounted to the engine to measure the temperature of the engine include 
all the exhaust extractors. Those temperature data were monitored and recorded using a 
Dewetron DAQ system installed on a DEWE-800, Windows XP based PC.   
High end combustion analysis software named DEWECa from Dewetron Inc. was 
used to provide the off-line steady state analysis regarding to the in-cylinder pressure and 
crank angle degree (CAD). This software is capable to compute the indicated power, 
indicated mean effective pressure (IMEP), mass fraction burn (MFB), rate of heat release 
(RoHR) and brake thermal efficiency (BTE). A Kane gas analyzer was used to measure the 
engine exhaust emission and was saved into Excel file format. The sample of exhaust gases 
was taken at 0.5 m downstream of the exhaust extractor. A Dynalec controller was used to 
control the engine speed for the constant speed and engine loads. Table 2 listed the engine 
test condition for the study while in Table 3 summarized the fuel properties.   
 
Table 2. Test condition. 
Engine Parameter Details 
Engine speed, n 2500 rpm 
Fuel temperature, Tf 30oC 
Naturally aspirated air temperature, Tba 35oC 
Mode of EGR OFF 
 
Table 3. Fuel properties. 
Description Testing Method (ASTM) Mineral diesel B100 
Density @ 20 °C g/cm³ D287 0.837 0.878 
Viscosity @40 °C mm²/s D445 4.237 5.68 
Cetane number D613 71.6  
Flash Point (°C)  D93 70 180 
Acid Number  D3339 0.24 0.3 
Net heat of combustion (MJ/kg) D240 49.962 39.916 
 
In this experimental study, B100 originated from palm oil and mineral diesel as a 
baseline fuel was used as test fuels. Combustion analysis regarding to the peak cylinder 
pressure and mean indicated pressure (MIP) were determined for the base of the study; to 
analyze the cycle-to-cycle combustion variations for different fuels at a constant engine speed 
with three different engine loads namely; 20%, 40% and 60%. 
 
Results and Discussion 
A Mitsubishi diesel engine was used to test the test fuels; B100 (palm biodiesel) and 
mineral diesel as a baseline fuel with measuring the in-cylinder pressure corresponding to the 
crank angle degree (CAD) at 200 consecutive cycles. The experimental study for the test 
fuels was performed at a constant engine speed of 2500 rpm with three different engine loads 
namely; 20%, 40% and 60% for the combustion cyclic variation in the measured cylinder. 
Comparison can be made with the test fuels upon the same condition due to oxygen contents 
and lower heat value of combustion differences. The baseline fuel was conducted first with 
the diesel engine to determine the standard values for the performance and combustion then 
followed by B100, and repeated again with the mineral diesel. The same procedure has been 
repeated within the same engine operating condition to ensure the result accuracies. The 
stainless steel fuel line has been cleaned with the engine was left operated averaged 20 
minutes to stabilize the engine condition for every fuel change.   
 
The in-cylinder pressure measurement recording for the test fuels were determined for 
the 200 cycles with a sampling rate that corresponds to 1o CA. Indicated cylinder pressure has 
been averaged by taking the number of 200 combustion cycles. The measured signals from a 
pressure transducer that simultaneously recorded, indicates the top dead center (TDC) 
position for each combustion cycle. The position of TDC can be accurately determined for 
each combustion cycle.  The calculation of the accurate constant engine speed for each 
combustion cycle with denying the friction factor can consider the TDC position of any two 
following cycles. 
 
Figure 2. Cylinder pressure for B100 at three different engine loads; 20%, 40% and 60%. 
 
 Figure 2 and 3 show the peak cylinder variations with different fuels; namely mineral 
diesel and B100 for 200 consecutive combustion cycles at different engine loads of 20%, 
40% and 60% with the constant engine speed of 2500 rpm. It shows that at low load, the 
mineral diesel has dominated the overall peak cylinder pressure but at medium and high load, 
B100 has surpassed the mineral diesel. It is also noted that the sudden change in the cylinder 
pressure during the combustion process has affected the rate of heat release (RoHR) and rate 
of pressure rise (RoPR) of the test fuels. Maximum, mean and minimum values for the 200 
consecutive cycles were statistically computed using the peak cylinder pressure of the test 
fuels to differentiate the change at different engine loads.  
 
Selected minimum, mean, standard deviation and maximum values of peak cylinder 
pressure for the test fuels; namely mineral diesel and B100 corresponding to the crank angle 
degree (CAD) were illustrated in Figure 4. These values covered at 200 consecutive cycles 
with three engine loads of 20%, 40% and 60% operated at the constant engine speed of 2500 
rpm. It is clearly noted from the figure that those single peak cylinder pressure that occurred 
from the combustion at top dead center (TDC) after the fuel has been injected in the 
combustion chamber. The air/fuel ratio and different types of test fuels used in the diesel 
engine are among the main parameters that influences the magnitude of the maximum in-
cylinder pressure cyclic variations.  
 
 
Figure 3. Cylinder pressure for mineral diesel at three different loads; 20%, 40% & 60% 
 
Figure 4. Cylinder pressure statistical analysis for B100 and mineral diesel at three different 
engine loads; 20%, 40% and 60% 
 
 
Conclusion  
There are convincing reasons that motivate the experimental work on the combustion 
cyclic variation studies operating with biodiesel for diesel engine; specifically (1) determine 
and optimize the lean combustion efficiency with superior engine performance, (2) associate 
the diesel engine combustion cycles with the numbers of emission produced within the 
combustion period operating different types of fuel. This paper mainly focused on the 
combustion cyclic variations for peak cylinder pressure and various MIP distribution patterns 
with different test fuels; namely mineral diesel and B100 corresponding to number of cycles. 
Different combustion cyclic variations for mineral diesel and B100 are observed and mostly 
influenced by psychochemical properties differences include viscosity and density. Different 
in-cylinder pressure patterns analysis in the study is important to review because it could 
leads for improving the leaner fuel conversion efficiency and can be adapted for the emission 
strategies to control the emission of NOx, CO2, CO and unburned hydrocarbons (UHCs). 
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